ABSTRACT.-Current models to estimate daily energy expenditure (DEE) for free-living birds are limited to either those that use fixed thermoregulatory costs or those that more accurately estimate thermoregulatory costs, but require extensive and often logistically difficult measurements. Here, we propose a model based on basal metabolic rate (BMR), activity budgets, and site-specific energetic costs of thermoregulation that requires only simple measures of ambient temperature and wind speed to provide estimates of DEE. We use the model to calculate the DEE of Buffleheads (Bucephala albeola) wintering at six habitats that afford differing degrees of protection from exposure within Narragansett Bay, Rhode Island. Bufflehead activity budget data collected during the winters of 2001-2002 and 2002-2003, along with average temperatures and wind speeds at the sites, were used to calculate DEE that ranged from 46.9 to 52.4 kJ/hr and increased with increasing wind speed. The energetic cost of thermoregulation composed as much as 28% of total DEE and increased with wind speed. Our DEE values were 13.4% higher, and thermoregulatory costs were up to 2ϫ higher than those calculated using an existing model that incorporates fixed thermoregulatory costs. We also saw an increase in feeding activity with increasing wind speed; sensitivity analysis of the effects of wind speed and feeding activity showed that a 1 m/sec increase in wind speed at our sites increased DEE by 2.5%, whereas a corresponding increase in feeding activity increased DEE by 4.5%. This suggests that in temperate winter habitats, increased feeding activity may have a greater impact on Bufflehead DEE than wind exposure. Site-specific model estimates of DEE could also provide additional insight into the relative contribution of environmental conditions and changes in waterfowl behavior to DEE.
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Traditional measures of DEE for birds from time-activity budgets use multiples of BMR to estimate energetic costs of activities, but may differ in how the thermoregulatory component of DEE is estimated (Weathers et al. 1984) . Early estimates of DEE included either a fixed cost of thermoregulation or one based solely on ambient temperature (Kendeigh 1949 , Schartz and Zimmerman 1971 , Koplin et al. 1980 . Models subsequently evolved to include a means to more accurately estimate thermoregulatory costs, but only by the extensive measurement of many variables (e.g., whole-body thermal resistance, forced-convective resistance), some of which may be logistically difficult to obtain for free-living wildlife (Pearson 1954 , Stiles 1971 , Walsberg 1977 . Weathers et al. (1984) proposed the use of standard operative temperature, or indices that allow single-number representations of complex thermal environments, to overcome some of these difficulties. However, while providing a much more rigorous estimate of thermoregulatory costs, this approach is limited by the need for the construction and calibration of taxidermic mounts, and may be best suited for aviary or well-controlled field applications. To date, researchers estimating DEE for free-living birds using published activity-based models are limited to either those that use fixed thermoregulatory costs or those that more accurately estimate thermoregulatory costs, but at the expense of extensive and often logistically difficult measurements of many variables.
Previous studies estimating DEE for wintering waterfowl have employed models that use factorial increases of BMR and that assume a fixed cost of thermoregulation (Wooley and Owen 1978 , Albright et al. 1983 , Morton et al. 1989 , Parker and Holm 1990 . For wintering waterfowl in northern areas exposed to low temperatures and high winds, thermoregulation may compose as much as 80% of daily energetic costs (Ettinger and King 1980, Walsberg 1983 ). These costs may vary between wintering habitats because of differing degrees of protection from exposure to wind and cold (Porter and Gates 1969 , Goldstein 1983 , Bakken 1992 . If estimates of DEE are to be useful in assessing habitat quality for wintering waterfowl, they need to include some measure of the energetic cost of thermoregulation based on local environmental conditions.
Here, we present an activity-based model that includes habitat-specific measures of thermoregulatory costs to estimate DEE of waterfowl in different habitats. Our model requires only simple measures of ambient temperature and wind speed, along with waterfowl activity budgets and morphological measurements. Thermoregulatory costs are calculated by using heat loss via conduction and convection as a function of temperature and wind speed to estimate the metabolic heat production required to maintain body temperature (Birkebak 1966 , Goldstein 1983 . Because of the ability to estimate site-specific DEE based on local conditions, the model may be useful in evaluating habitats that provide differing degrees of protection from high winds and extreme temperatures. Model estimates could also be used to provide insight into the relative contribution of environmental conditions and differences in waterfowl behavior to changes in DEE.
In this study, we used our model to estimate the DEE of Buffleheads (Bucephala albeola) at six wintering habitats in Narragansett Bay, Rhode Island, that afford differing degrees of protection from exposure to wind and cold temperatures. Our specific objectives were to (1) compare estimates of DEE obtained using our model with those obtained using a previously published model that incorporates a fixed cost of thermoregulation, and (2) examine changes in DEE across the sites and determine the relative contribution of wind speed and waterfowl feeding behavior to changes in DEE.
METHODS DEE site-specific thermoregulation model.-Our model incorporating site-specific thermoregulatory costs into DEE for wintering Buffleheads (hereafter, SST model) consists of (1) a thermoregulatory component (EE Thermoreg )-an estimate of the metabolic heat production required to balance heat loss from the bird to the environment through conduction and convection, and (2) an activity component (EE Activity )-an estimate of additional energetic costs resulting from specific daily activities of wintering Bufflehead expressed as multiples of basal metabolic rate (BMR). We sum these components to arrive at an estimated DEE. In our model, metabolic heat production includes resting energy expenditure in a thermoneutral environment (i.e., BMR) and the additional energy expenditure required to maintain thermal equilibrium. The model uses average temperatures and wind speeds that coincide with activity budget sampling at the sites; DEE is reported in kJ/hr.
Basal metabolic rates were estimated from those of 16 North American duck species summarized in McNab (2003) . A plot of BMR versus body mass for these species gave the relation: BMR ϭ 4.05M 0.79 , where BMR is basal metabolic rate in ml O 2 /hr, and M is body mass in g. Estimates of BMR were con-verted to kJ/hr using a conversion factor of 18.8 kJ/L O 2 , derived from the average composition of the Bufflehead's winter diet (Schmidt-Nielsen 1997) . Body mass was approximated at 450 g for males and 325 g for females (Gauthier 1993) .
Before calculating metabolic heat production, we first determined when this component of a Bufflehead's DEE is necessary by comparing ambient temperature with their lower critical temperature, or the temperature below which metabolic heat production is required to maintain body temperature (Schmidt-Nielsen 1997). Lower critical temperature (LCT) was estimated by the empirical relation: LCT ϭ 47.2M
Ϫ0.18 , where LCT is in Њ C, and M is body mass in g (Kendeigh 1977 ). We compared effective ambient temperature (T ef or the ambient temperature corrected for the effect of wind speed; Siple and Passel 1945) to LCT to determine whether metabolic heat production would be required to maintain the duck's body temperature. If T ef was less than LCT, we assumed that metabolic heat production was required to maintain body temperature; we then calculated this energy requirement and included it in the final DEE. On the other hand, if T ef was greater than the lower critical temperature, we did not include metabolic heat production. Effective temperature was calculated using the relationship derived by Siple and Passel (1945) :
where T ef is the effective temperature (Њ C) used for comparison with the lower critical temperature, T b is body temperature (Њ C), T a is ambient temperature (Њ C), and u is wind speed (m/sec). If T ef was less than LCT, we used an empirical model to estimate metabolic heat production as a function of temperature and wind speed (Goldstein 1983) :
where u is wind speed (m/sec) and H Tϩu is metabolic heat production (watts). The coefficient b is determined empirically from data summarized by Goldstein (1983) on seven species of birds (body size 13.5-3,860 g) by the relation: b ϭ 0.0092M 0.66 ϫ ⌬T 0.32 , where M is body weight in g and ⌬T is the difference between lower critical temperature and ambient temperature in Њ C. The coefficient a is determined under conditions of free convection (u ϭ 0.06 m/sec) by the relation:
where H T is an adjusted metabolic rate in watts at ambient temperature (Goldstein 1983) . We estimated H T using a heat transfer model proposed by Birkebak (1966) that calculates conductive heat loss from different anatomical regions of the bird to the environment using geometrical representations (e.g., head represented as a sphere, body represented as a cylinder) and heat transfer theory (Appendix; Birkebak 1966) . Morphological measures of body dimensions ( Fig. 1) can be obtained from the literature (e.g., Belrose 1980 , Gauthier 1993 or from measurements of museum specimens. Average values for live Buffleheads (n ϭ 4, obtained from the Connecticut Waterfowl Trust, Farmington, Connecticut) and Bufflehead study skins (n ϭ 16, obtained from the Harvard Museum of Comparative Zoology, Cambridge, Massachusetts) are summarized in the Appendix. Also summarized in the appendix are the equations drawn from Birkebak (1966) , which were used to calculate metabolic heat production. For these equations, a heat transfer coefficient (k) of 0.102 cal/cm/Њ C was used for the entire body surface (Calder and King 1974) . The thermal conductance of Common Eider (Somateria mollissima) in water (i.e., wet thermal conductance) has been shown to be 57% greater than it is in the air (Jenssen et al. 1989) ; therefore, we used a heat transfer coefficient of 0.160 cal/cm/Њ C to calculate heat loss from the ventral body surface to the water. Metabolic heat production was calculated as: BMR ؉ Q head ؉ Q neck ؉ Q breast ؉ Q body ؉ Q ventral surface , where BMR is basal metabolic rate and Q is the heat loss term for each body component.
Estimates of additional energetic costs resulting from specific daily activities (EE Activity ) were calculated by multiplying the proportion of time spent in a particular activity by the energetic cost of that activity. We used previously reported multiples of BMR, summarized in Table 1 , to calculate the energetic costs of activities by multiplying the propor-FIG. 1. Body dimension measurement points required for input into the SST model to estimate DEE (see Appendix). A ϭ head length, B ϭ head height, C ϭ head width, D ϭ body width, F ϭ body length, G ϭ body height, H ϭ neck length, I ϭ neck width, J ϭ neck height. Morton et al. 1989 ). In this model, the thermoregulatory component (EE Thermoreg ) is fixed and estimated at 5.9 kJ/hr (Morton et al. 1989) . Additional energetic costs resulting from specific daily activities (EE Activity ) were calculated as in the SST model by multiplying the proportion of time spent in a particular activity by the energetic cost of that activity. These two components were then summed to arrive at fixedcost model estimates of DEE.
DEE-habitat correlations.-We identified six Bufflehead wintering habitats within welldefined coves or embayments of the Narragansett Bay estuary. In winter, Buffleheads spend the majority of their time on the water and tend to favor shallow water habitats (Ͻ3 m) in protected coves (Stott and Olson 1973, Gauthier 1993) . They feed by diving to the cove bottom where they consume benthic invertebrates including crustaceans, gastropods, and bivalves (Yocum and Keller 1961 , Wiemeyer 1967 , Gauthier 1993 .
We used focal animal sampling to quantify activities of Buffleheads at each of the study sites during the winters of 2001 -2002 and 2002 -2003 (Altmann 1974 . We completed 965 observations on individual birds, resulting in over 80 hr of activity budget data. Observations were randomly distributed over sample sites and time during the daytime throughout the winter period when ducks were present (November-April). We chose individual ducks at random (i.e., observations began with the ith duck from the left in each flock, where i was a randomly generated number) and observed through a 32-60ϫ spotting scope or through 10 ϫ 50 binoculars for 5 min; behaviors were categorized as dive, surface, look (i.e., peering through the water at the cove bottom), courtship, agonistic, swim, fly, preen, alert, and rest (Table 1) . Preening included wing flapping, stretching, and scratching. Gender for each individual was identified when possible, except in rare instances when we were unable to distinguish between females and first-year males that had not yet developed breeding plumage (Carney 1992) . Therefore, we report results for ''males'' (showing breeding plumage) and ''females'' (includes first year males). Activity data were collected using an observational software program installed on a laptop computer (JWatcher, Animal Behaviour Laboratory, Macquarie University, Australia; http://www.jwatcher. ucla.edu/). Prior to analysis, data were aggregated into the following categories: feeding (dive, surface, look), social (courtship, agonistic), locomotion (swim, fly), maintenance (preen, alert), and resting. Each sampling event at a site consisted of 20-30 five-min observations; final data were averaged by sampling event and by site.
Sensitivity analysis.-We used linear regression analysis of SST model estimates of DEE versus wind speed and feeding behavior, respectively, to assess the relative contribution of each to DEE. First, we estimated DEE using average values of feeding activity across all sites, and plotted DEE versus wind speed over the range of wind speeds recorded during the study (i.e., feeding activity held constant, wind speed varied; regression equation: DEE ϭ [1.1 ϫ wind speed] ϩ 42.1). Second, we estimated DEE using average wind speed and temperature across the sites and plotted DEE versus the proportion of feeding activity (i.e., wind speed held constant, feeding activity varied; regression equation: DEE ϭ [43.1 ϫ proportion of time spent feeding] ϩ 17.3). In each Correlations with wind speed case, we used average values of temperature and all other activities in the model. Regression equations generated from each analysis were used to estimate the relative contribution of wind speed and feeding behavior to DEE. For wind speed, we calculated the average percent increase in DEE per 1 m/sec increase in wind speed. For proportion of time spent feeding, we calculated the average percent increase in DEE per 5% increase in the proportion of time spent feeding.
Statistical analyses.-Differences in the proportion of time spent on different activities by males versus females were investigated using two-tailed Student's t-tests on data averaged across all sample sites. Site-specific time budgets were calculated by averaging individual observations by sampling event and then by averaging sampling events by site. Proportions were arcsine-square-root transformed prior to regression analysis (Fowler et al. 1998:87-88) . Wind speed and temperature were averaged by sampling event and by site. Regression analysis and analysis of variance were used to assess the influence of environmental conditions on DEE and feeding behavior. Statistical analyses were performed using SAS (SAS Institute, Inc. 2001).
RESULTS
Estimates of DEE for wintering Buffleheads generated using the SST model averaged 49.0 Ϯ 8.4 kJ/hr, or 1,176 Ϯ 202 kJ/day, and differed by up to 12% among sites ( Table 2 ). The mean thermoregulatory component of DEE (EE Thermoreg ; Table 2) was 11.7 Ϯ 1.1 kJ/hr or 23.9% of total DEE; EE Thermoreg increased with increasing wind speed (r 2 ϭ 0.61, P ϭ 0.067). DEE did not differ between males and females; however, thermoregulatory costs were higher for females (mean ϭ 12.5 Ϯ 1.2 versus 10.9 Ϯ 1.0 kJ/hr for males; t 5 ϭ Ϫ7.2, P Ͻ 0.001).
The mean DEE (all sites) calculated using the SST model was 13.4% higher than that calculated using the fixed-cost model ( Table  2 ). The thermoregulatory component of DEE, 5.9 kJ/hr, composed 13.7% of total DEE calculated with the fixed-cost model.
Daily energy expenditures of Buffleheads calculated with the SST model increased with increasing wind speed for males (r 2 ϭ 0.67, P ϭ 0.046), females (r 2 ϭ 0.64, P ϭ 0.055), and males and females combined (r 2 ϭ 0.76, P ϭ 0.023; Fig. 2A ). The proportion of time spent feeding by Buffleheads also increased with increasing wind speed (r 2 ϭ 0.67, P ϭ 0.047 Fig. 2B ). Estimates of DEE that were generated using the fixed-cost model showed no relationship between DEE and wind speed.
Buffleheads spent 75.7 Ϯ 4.3% of their time feeding during daylight hours, and females fed more often than males (77.1 Ϯ 5.4% versus 74.2 Ϯ 6.9%; t 545 ϭ Ϫ2.6, P ϭ 0.004; Table  3 ). Males, however, spent more of their time engaged in courtship activities (2.39% versus 0.43%; t 545 ϭ 7.4, P Ͻ 0.001). Males and females (combined) averaged 16.8% of their time engaged in locomotion and maintenance, and 4.5% of the time resting (Table 3) . Buffleheads at Mackerel Cove spent the greatest proportion of time feeding and the least in all other activities, whereas those at Coggeshal Cove spent the least time feeding and the most in all other activities, except resting. Overall, Buffleheads spent between 0.3 and 2.6% of their time in social activities, and this time decreased as the ducks increased feeding (r 2 ϭ 0.71, P ϭ 0.043). Similarly, the amount of time spent in maintenance activities (range ϭ 3.7-9.7%) decreased as time spent feeding increased (r 2 ϭ 0.96, P ϭ 0.001). Sensitivity analysis of model estimates of DEE versus wind speed at constant proportion of time spent feeding showed that a 1 m/sec increase in wind speed resulted in a 2.5% increase in DEE. Analysis of DEE versus the proportion of time spent feeding at constant wind speed showed that a 0.05 increase in proportion of time spent feeding resulted in a 4.5% increase in DEE.
DISCUSSION
Our estimates of DEE using the SST model for Buffleheads at the Narragansett Bay wintering sites (1,175 Ϯ 202 kJ/day) are higher than those predicted from the fixed-cost model (1,036 Ϯ 202 kJ/day), which uses a single energetic cost of thermoregulation. Thermoregulatory costs predicted by the SST model constitute up to 28% of the animal's total DEE and are approximately twice as high on average as that used in the fixed-cost model. DEE estimates for Buffleheads at our sites were also higher than a field metabolic rate predicted by an allometric relation of energy expenditure based on empirical studies (606 kJ/day, non-passerines; Nagy et al. 1999 ). However, many of the studies from which this relation was derived were carried out in the breeding season in warm ambient temperatures, so our higher DEE estimates may be attributed in part to environmental conditions and the inclusion of thermoregulatory energy costs.
Our model does not include the contribution of heat gained from solar radiation or heat lost through evaporative water loss because these effects are likely relatively small (less than 10% of heat loss; Scholander et al. 1950 , Strunk 1971 , Wolf and Walsberg 2000 , and were likely similar between our study sites. Nonetheless, these constraints limit the application of our model to comparative, singlespecies studies between habitats that are located in a similar geographic region. It is also important to note that the SST model is limited by the availability of empirically derived energetic equivalents of specific waterfowl behaviors, as is the fixed-cost model. We applied the model to Buffleheads, but were restricted to using literature-based energetic equivalents that were not specific to that species. Therefore, the DEE estimates presented here, while higher than those calculated from the fixedcost model and from body mass alone, fall well within the probable error of 20-40% proposed by Weathers et al. (1984) for models that rely on generic energetic equivalents. However, while it would be difficult to argue that our model estimates are more accurate than those calculated from fixed-cost or body mass models, the utility of our model lies in the ability to determine the relative contribution of wind speed, temperature, and specific waterfowl behaviors to DEE across sites with different environmental conditions and levels of activity.
Wintering waterfowl may incur substantial thermoregulatory costs depending on ambient temperatures and the combined effect of wind and cold, and these may lead to increases in DEE. Changes in the relative amounts of activities exhibited by wintering Buffleheads may also alter DEE. In our study, estimates of DEE calculated with the SST model were correlated with wind speed (Fig. 2A) . However, feeding activity also increased with increasing wind speed (Fig. 2B) , which could also contribute to an increase in DEE. Sensitivity analysis of the effects of increases in wind speed and feeding activity on DEE showed that increases in feeding activity resulted in a relative increase in waterfowl DEE nearly twice that of a corresponding increase in wind speed. Feeding activity may increase because of decreased prey abundance, or because of changes in the availability or energetic content of prey. Further studies at our sites have shown that feeding activity increased with decreasing prey abundance, and also with decreasing prey energy density resulting from changes in available prey species at a site and inter-specific differences in the energetic content of prey (RAM and SRM unpubl. data) . However, other factors, such as intra-and inter-specific competition and increased energetic demands, may also influence the amount of feeding activity. Although we are uncertain as to the cause of increases in time spent feeding at our sites, our results show that increased feeding activity may have a greater impact than wind exposure on DEE of Buffleheads.
Increased feeding activity may also affect the short-and long-term survival of Buffleheads. For example, if wintering Buffleheads need to spend more time feeding, time for other activities such as courtship and pair formation may be limited Daan 1980, Meijer and Drent 1999) . Although they exhibit long-term pair bond formation and a high degree of flock synchrony, which results in a relatively small proportion of time spent in social behaviors, courtship and maintenance activities are still important for their overall reproductive success (Robertson et al. 1998) . Our results indicate that as Buffleheads at our sites spent more time feeding, they had less time available for maintenance and social behaviors, which may have an impact on both their short-and long-term survival. This, coupled with the greater increases in energetic costs due to feeding activity predicted from model sensitivity analysis, suggests that DEE of wintering waterfowl in harsh climates would be lower in habitats with both high prey density and adequate protection from exposure. For example, sites such as Brush Neck Cove, which had the highest prey abundance (RAM and SRM unpubl. data) and also the lowest thermoregulatory costs for Buffleheads (Table 2) , may be better candidate sites for protection as waterfowl wintering habitats compared with sites such as Mackerel Cove, which had low prey abundance and high thermoregulatory costs.
In summary, our SST model estimated DEE as the sum of basal metabolic rate and sitespecific energetic costs of activity and thermoregulation. The primary benefits of the SST model compared to other approaches include its ability to (1) evaluate the effect of thermoregulatory costs on DEE of wintering waterfowl using simple measurements of wind speed and ambient temperature, (2) predict the extent to which the behavior of waterfowl during winter affects DEE, and (3) track changes in DEE over different time scales (i.e., hourly, daily, or seasonally) if the corresponding activity and environmental data are available. Also, because of its ability to estimate sitespecific DEE based on local conditions, the model may be useful in evaluating the quality of waterfowl habitats that have different attributes such as prey abundance, or degree of protection from high winds and extreme temperatures. However, further studies will be needed to establish the independence of behavioral responses to environmental conditions from the primary effect of the conditions themselves on the DEE of resident waterfowl before model estimates can be used in habitat assessment.
